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Fig. 1. Hysteresis loop measurement configuration.
loop area will be crucial. In a line transformer for a high-speed
communicationsapplication,thekeymetricmaybetheaccurate
modeling of the peak value of rate of change of flux to correctly
predict the rise time of the voltage pulse and the resulting har-
monics. This paper will discuss methods to allow metrics to be
implemented in the modeling and optimization process.
The second issue is the Jiles–Atherton model itself. During
experimental testing and analysis of data sheet – loop
curves, it was clear that above a specific field strength the
– loop loses its hysteretic behavior and becomes effectively
an-hysteretic. This effect could be called “early closure”
as the loop effectively closes before the maximum applied
field strength is reached. While the “early closure” effect can
be modeled by varying several of the Jiles–Atherton model
parameters, there is no direct correlation between any single
parameter and this behavior. This paper proposes a method of
directly modeling early closure using a simple modification to
the original Jiles–Atherton approach.
Thethirdmainissueaddressedistheoverall – loopslope.
There are many magnetic materials with very different charac-
teristics and, as a result, it has proved difficult to provide a flex-
ible enough modeling approach to accommodate this variation
in one model. A proposed modification to address the issue of
theoverallslopeofthe – loopisalsopresentedinthispaper.
Experimentaldata hasbeenincluded inthispapertoillustrate
how the modeling and optimization process can accurately
model practical materials of different types, and figures are
given to demonstrate the relative merits of the classical and
modified Jiles–Atherton models for different materials.
II. MEASUREMENT OF MAGNETIC CHARACTERISTICS
The accurate modeling and simulation of magnetic materials
requires the correlation of the model with measured results. A
standard material, 3F3, was used to illustrate the process and
concepts in this paper. The test setup was defined as shown in
Fig. 1. The stimulus was a sinusoidal signal generated from
a Stanford Systems DS345 Signal Generator, and the wave-
forms were captured using a Tektronix Digital Oscilloscope
(TDS220). All the post-processing of the measured data to
Fig. 2. Automatic magnetic material analysis software structure.
calculate the flux and field strength was done in software after
being transferred to a PC.
A toroid was used as the core type to remove the effect of
any air gaps and wound with the number of turns to achieve
saturation with the driving circuit of the signal generator. The
core used in these tests was a Philips TN10/6/4 toroid made of
3F3. The number of turns on the primary and secondary were
set to 40 and the primary current monitor resistance was set to
10 . The signal generator frequency was set to 1 kHz and the
amplitude varied from approximately 1.2 to 10 Vpp.
The field strength was calculated from the voltage measured
across the primary sense resistor using the expression (1) as the
field strength is proportional to the applied current in the pri-
mary winding ( )
(1)
The flux density is derived from the voltage on the secondary
winding using expression (2). The integration was carried out
numerically using trapezoidal integration of the voltage on the
secondary winding ( )
(2)
Both the field strength and the flux density were automati-
cally calculated in software from the oscilloscope waveforms
and after they were transferred to the PC for
post-processing.
The overall structure of the analysis software developed
is shown in Fig. 2. The software derives the measured field
strength ( ) and flux density ( ) from the oscilloscope
data, with the test configuration able to be customized. The
Jiles–Atherton model can be calculated using the derived
field strength from the measured data or an ideal internally
generated test waveform (sinusoidal or triangle) and then
compared with the original test results. Metrics can be applied
to both the measured and simulated results to assess the relative
performance of the model, and an optimization loop allows
the model parameters to be modified using iteration to achieve
optimum model performance. The optimization method uses a
steepest descent type of approach.
Fig. 3shows the measured – loops for the3F3 material at
three different levels of applied field. The low-level signal is a
good example of a minor loop. The medium-level signal shows
a well-defined hysteresis loop exhibiting saturation. Finally, the3776 IEEE TRANSACTIONS ON MAGNETICS, VOL. 37, NO. 5, SEPTEMBER 2001
Fig. 3. B–H curves for 3F3 at peak applied field levels of 35, 70, and 140
At/m.
Fig. 4. Basic magnetic measurement metrics.
high-level signal demonstrates the material driven into strong
saturation. These waveforms clearly illustrate the range of re-
quired waveshapes any model must provide for accurate simu-
lation in a wide variety of applications.
III. METRICS FOR MAGNETIC MATERIALS
Once the measurements were taken, performance metrics
were used to characterize the behavior of the core in a mean-
ingful and concise manner. The material’s basic magnetic
characteristics can be defined in terms of the fundamental
points on the hysteresis curve, which are the maximum field
strength ( ) and flux density ( ), the remanence ( )
and the coercive force ( ), all of which are shown in Fig. 4.
Althoughthese metricsare useful,theydonotprovideacom-
pletesetforoptimization.Fig.3showsonesuchsituation,where
thematerialhassaturatedtosuchanextentathighfieldstrengths
that the hysteresis loop “closes up” prior to the maximum ap-
plied field strength being reached. This “early closure” of the
loops requires a new parameter to be defined, which is the ap-
plied field at which early closure takes place ( ). The mea-
surement of where the loop has effectively closed requires the
specification of the loop being closed (e.g., to within 1%).
The permeability of the material is also a significant param-
eter, and there are two key metrics which can be extracted from
Fig. 5. Basic metric chart with normalization.
the – data.Thesearetheinitialpermeability andthemax-
imum incremental permeability at on the – loop.
The area enclosed by the – loop defines the energy loss
of the material, and a measurement of this is crucial if temper-
ature effects are to be included dynamically in the model. The
shape of the loop is also important, as can be seen from the vari-
ation in shape of the waveforms in Fig. 3. As the field strength
increases, the slope of the hysteresis loop as a whole changes,
and the shape changes from an almost elliptical minor loop to
the sigmoid shape of saturation.
For electrical circuit simulation, it is important to ensure that
the magnetic component parameters chosen result in the correct
electrical behavior at the terminals of the device. The metrics
canbeusedtoensurethatthemodelparametersareoptimizedso
thattheelectricalbehaviorisaccuratelyrepresentedbythemag-
netic component. This may be achieved by including specific
electrical metrics such as the response of the magnetic compo-
nent to an applied voltage waveform as well as the purely mag-
netic metrics. This can be applied in the optimization approach
by using the voltage and current waveforms as the goal rather
than the – curve.
The chosen set of metrics was extracted from the measured
dataandthesamesetofmetricswasextractedfromtheresultsof
simulation. Optimization of the model parameters was achieved
byminimizingthedifferencebetweeneitherthetwosetsofmet-
rics or the least squares error (LSE).
In order to visualize the convergence of the algorithm, the
two sets of metrics are first normalized to the measured metrics
and then plotted on a polar diagram, as shown in Fig. 5. The
measured metrics are all normalized and spaced equally around
the unit circle (e.g., for four metrics the results are spaced 90
apart). The normalized metrics of the simulated results are then
plotted on the same graph, equally spaced as before, with the
magnitude set to the normalized value of the metric. It can be
clearly seen which metrics of the simulated waveforms after
optimization are above or below the measured values and by
how much relative to each other. The unit circle indicated is
intended as a visual aid that becomes more useful for a larger
number of metrics.